The evolution of carbon monoxide from blue-green alga ( 2 ) and plants ( 3 ) suggests that the formation of bile pigments in these systems proceeds in a similar fashion. The specificity of ring cleavage at the a-position of heme is absolute with the exception that biliverdin I X g is found (4) in the integumental cells of the caterpillar of the cabbage butterfly Pieris brassiaae. We feel that the natural occurrence of the g-isomer is significant, and its occurrence must, along with that of the a-isomer, be explained as part of a general scheme for heme catabolism.
The reactions which account for bile pigment formation have been the center of a large number of studies. As yet, however, a reasonable and rational explanation of the total reaction mechanism has been elusive, resulting in a large and often contradicting literature a-hydroxy heme ( 3 ) was an intermediate in the reaction. Jacksonet at (8) then further suggested that addition of molecular oxygen to the tautomeric a-oxoheme ( 4 ) occurred to give the peroxide ( 5 ) which should spontaneously decarbonylate in a manner analogous to that exhibited (9) by tetraphenylcyclopentadienone.
Further evidence for the intermediacy of an a-hydroxyheme was provided by the early work of Lemberg (10) on the coupled oxidation of pyridine hemochrome (bis pyridine ferroprotoporphyrin). Treatment of pyridine hemochrome with ascorbate and oxygen resulted in formation of the green verdochrome ( 7 or 8 ) which could be readily hydrolysed with dilute HCl to biliverdin.
Similarly oxygenation of a pyridine solution of mesohydroxyporphyrins resulted in the formation of green pigments. Lemberg (10) rationalised this in terms of a hydroperoxide attached on the a-pyrrolic carbon to give 6 which was followed by decarbonylation (Scheme 1). Lemberg extended this theory and suggested that the in vivo and coupled reactions took the same path.
Because of its metabolic significance the work on the coupled oxidation was extended by Bonnett and McDonagh (11) who showed that in vitro attack occurred randomly at all four methine bridges, discounting the earlier postulation of Lemberg (10) that the specificity of the metabolic reaction was due to an intrinsic activation of the heme a-position. However, specificity could be introduced into the coupled oxidation reaction when the heme was bound to globin or apomyoglobin. O'Carra (lb) determined the ratio of isomers formed on coupled oxidation of a variety of hemoproteins and found a greatly enhanced activity towards the a and, to a lesser extent, the b methine bridges. Thus it appears that the protein and not the porphyrin is imparting specificity to the a bridge. This observation is particularly puzzling since in myoglobin (which showed 100% a specificity) the a methine bridge is buried deep within the protein (12) and thus apparently inaccessible to an attacking group. Brown (13) has suggested that the attacking oxygen molecule is bound to the central ferrous ion and that the protein orientates it to specifically attack the a position. There is, however, no example of oxygen bound to ferrous ion promoting oxidation of the porphyrin to which it is bound (14) , nor to suppose that each of the separate proteins should have the same orientating effect.
Tenhunen et al (6) originally showed that both terminal oxygen atoms of bilirubin were derived from molecular oxygen. This apparently eliminates verdoheme ( It had been suggested that the initial oxidant in the degradation of heme behaved like a modified cytochrome P-450 (la, 16, 17) . This view has
The mechanism of action at the most exposed methine bridge to give an epoxide 1 0 ) . C allot et al (24) and Grigg (25) What further reaction could the e poxide 1 1 undergo and why the a rather than the g-isomer? 9,10-Didehydro-9,10-epoxyphenanthrene ( 2 4 ) undergoes a photochemically induced "oxygen wa k" to the isome ric com- and that ring opening of the dioxetane would give the bile pigment 14.
The tetrapyrrole 14 is in fact biliverdin in which one of the terminal lactams is constrained in an enolic form as a formate ester.
We have now arrived at a stage where caron monoxide can be liberated.
Derivatives of formic acid in which the hydroxyl group of the carboxylic acid has been replaced by a good leaving group readily decompose to give carbon monoxide. The best known example of this is the spontaneous conversion of formyl chloride to carbon monoxide and HCl. Even formic acid itself when heated gives CO and water ( 3 5 ) . Formic anhydride may be
prepared from dicyclohexyl carbodiimide (DCC) and the anhydride rapidly decomposes above 0° to formic aci d and ca rbon monoxide (36) . When formic acid is added to an excess of DC C at -70° no CO is e volved, but as th e solution is warmed carbon monoxide is e volved and dicyclohexyl urea precipitated (37) .
From the stoichiometry of t he reaction we have s hown that it pr oceeds in the mariner outlined in Scheme 4.
This decomposition mimics that we propose for the formation of biliver din ( 2 ) and carbon monoxide from 14.
Hence the mechanisms for heme catabolism outlined in Scheme 
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CONCLUSIONS
We propose here a mechanism t o account for the catabolism of h eme to biliverdin and carbon mo noxide. This mechanism is consistent w ith, and analogous to, ch emistry already reported for porphyrins and metalloporphyrins.
Moreover the p resent mechanism also accounts for t he two oxygen-molecule reaction which is require d as a result of recent in vivo labelling studies (15) .
